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ENGINE TESTS OF PRESSURIZED SHUNT-TYPE COOLING
SYSTEMS FOR A LIQUID-COOLED ENGINE

By Eugens J. Manganiello, Bruce T. Lundin
and John H, Povolny

SUMMARY

Tests have been conducted to determine the performance of two
pregsurized shunt-type cooling systems for liquld-cooled alrcraft
engines using a mixture of 30 percent AN-E-2 ethylene glycol and
70 percent water as the coolant., One of the systems (system A)
employed an expansion tank typlcal of those in current use on unpres-
surized AN-E-2 etiylene glycol systems; the other system (system B)
used an expansion tank designed by the Linde Alr Products Compeny and
modified for production by the Bell Alrcraft Corporation, Neilther
system Iincorporated a venturi nor other pressure-boost arrangement at
the pump inlet, Coolant-flow rates were determined for both systems
over (a) a range of engine speeds at constant pump-inlet pressure
and (b) a range of expansion-tank pressures at constant engine speed.

The results of tests of the two cooling systems show that with
the expansion tank of system B higher pump-inlet pressures (approxi-
mately 6 1b/sq in.) and attendant better pump performance may be
obtained than with the expansion tank used in system A for any flxed
expansion~tank pressure, For an expansion-tank pressure equal to
the vapor pressure of the coolant at a block-outlet temperaturs of
2500 F, a coolant-flow rate of 255 gallons per minute 1s obtalned
with system B as compared with a flow rate of 200 gallons per minute
obtained with system A. Both of these flow rates are adequate to
cool 12-cylinder liquid-cooled engines at present power ratings.

The higher pump-inlet pressures of system B, however, resulted in a
more stable and safer operation of the coolant pump than could be
obtalned wilth system A.

INTRODUCTION

Recent Inoreases in the power output of liquid-cooled alrcraft
engines have lndicated the necesslty for improvement in the coollng
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of this type of engine, Although satisfactory cooling of American-
bullt engines has been obtained with an unpressurized smmt-type
cooling system using AN-E-2 ethylene glycol as the coolant, the
rosults of unpublished tests conducted at the NACA Cleveland lebo-
ratory on an Allison V-1710 engine indicate that the cylinder-head
temperatures in this engine approach limiting values for safe
operation at present power ratings and exceed them at projected
higher power ratings, The results of these tests also indicate that
appreciable reductions in cylinder~head temperatures may be obtained
by the use of a mixture of 30 percent ethylene glycol and 70 percent
water as the coolant.

The relatively low bolling polnt of the 30-70 glycol-water
mixture necessitates the use of a pressurized cooling system if
coolant temperatures (250° F and higher) compatible with reesonable
radiator size are to be used. Pressurlzed systems of the seriles
type have been utilized for some time 1n British Rolls Royce engine
installations and more recently in the American-built Packard ver-
sions of the Rolls Royce engine, Pressurized systems of the shunt
type theoretically possess inherent advantages over pressurized
systems of the series type; the principal advantages of the shunt-
type system are higher pump-inlet pressures and concomitant superior
pump performance for a glven expanslon-tank pressure. No experi-
mental data are avallable, however, on thelr -performance.

As part of a research program being conducted by the HACA on
the cooling of liguid-cooled engines, the performance of pressurized
shunt-type cooling systems has been investigated by means of engine
tests using a mixture of 30 percent AN-E-2 ethylene glycol and
70 percent water as the coolant, Two different shunt-type systems
were tested: system A used an expansion tank typical of those in
current use on umpressurlized AN~E-2 ethylene glycol systems; system B
used an expansion tank designed by thoe Linde Air Products Company
and modified for production by the Bell Aircraft Corporation. The
tests described herein were conducted at Cleveland during Juns and
July 1944 and consisted of a determination of coolant-flow rates over
(a) a range of engine speeds at constant pump-inlet pressure and
(b) a range of expansion~tank pressures at constant engine speed,

THEORY OF COOLING SYSTEMS

Much of the theory on cooling systems discussed herein has been
presented In references 1 and 2, Theo satlsfactory operation of a
cooling system for a liguld-cooled aircraft engine dopends upon
the abllity of the system to keep the flow rate as high as required
to maintaln the engine temperatures within safe limits, In order to
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cbtain adequate coolant-flow rates and stable pump operation 1t is
necessary that the pressure at the pump inlet be highsr than the
vapor preasure-of the .coolant by an amount sufficient to prevent
excessive -pump -cavitation. . The. tendency of a pump’to cavitate is
usually considered as u function of the ' ‘preassure proximity™-at the

pump inlet; the pressure proximity is defined as the difference
between the absolute statlic pressure of the liquid and the vapor
pressure -of the liguid at the same point. This parameter may be
used to correlate the effect of ligquid oomposition and temperature
on the cavitatlon characteristics of -a pump.

Because the decrease of flow rate caused by pump cavitatlion is
due to the formation of vapor within the pump, the presemce of
entrained alr or vapcr.in the coclant will have the same effect on
the pump performance as too low an inlet pressure. It is thoerefore
essential that satlafactcry air-vapor separators be 1ncorporated in
the cooling system.

In an aircraft-enmgine cooling system the moin coolant flow 1is
frecm the pmp to the englne, through the sngine to a radiator, and
throigh ths radlator back to the pump. An expansion tank 1s located
at the engine outlet, Two different circuits, the serles clrcuit
and the shunt circuilt, are in current use., These circults differ
mainly ln the manner in whica the expansi~n tank 18 connected into
the system. A schemantic diagram of a serles circult is shown in fig-
ure 1(a). In this circult the expansicn tank is located in the main
coclant line hetween the englue and the radiator. The shunt circult
is schenzaticaily shown in ficure 1(b). The flow in this circuit
Aiffers from thas of the series clrcuit In that cnly a small portion
of the [low frem the engine, ebout 1 or 2 percent, goos to the
oxpansion tank. This flow through the expansion tank dcea not ac
throngh the radiat.r but returns directly to the pump inlet.

In any cooling'system, the pressure in the expansion tank deter-
mlnes the absolute pressure level of the entire system. In a pres-
surlzed system the expansion-tank pressure 1s maintained higher than
the atmosphoric pressure by means of a pressure cap fitted to the
tank. This pressure cap usually incorporates a pressure-rellef valve
to relisve excessive pressures and a vacuum or [!'sniffle" wvalve to
protect the system against excessively low pressures. Because it 1s
difficult to keep these valves and other piplng connections fram
leaking slightly end because variationa in flight conditlions and
englne power cause the coolant temperature to change, the highest
pressure that can be reliably maintained in the expansion tank 1s
the vapor pressure of the coolant. at the block-outlet temperature.
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The vapor pressure of the coolant at the pump inlet 1s lower
than the vapor pressure in the expansion tank owing to the temper~
ature drop across the radlator., Thls temperature drop 1s not very
large (about 10° F); hence the decrease in coolant vapor pressure
between the expansion tank and the pump inlet is small, This small
change 1n coolant vapor pressure therefore limits the pressure
proximity at the pump inlet to a relatively small amount, Tke abso-
lute pressure at the pump inlet is equal to the expansion-tank pres-
sure plus the differentlal~elevation head minus any pressure losses
in the shunt line., It 18 therefore deslrable to have as low a line
pressure drop as posslble betwesen the expanslion tank and the pump
inlet, In this respect, the shunt system 1s better than the seriles
system because the difference 1n pressure between the expansion tank
ard the pump inlet 1s not decreased by a pressure drop through the
rediator and the main coolant piping. It is important, however,
that the tank be so designed that the pressure loss in the shunt
lino does not become excessive,

The pump-inlet pressure may be Increased by the use of special
arrangements, such as applying heat to the expansion tank or by a
venturi boost at the pump inlet, in which the shunt line from the
oxpanslon tank is connected to the throat of a venturl and the
static pressure at the pump inlet is thereby increased by the
amount of pressure recovery of the venturi. It should be noted,
however, that the most desirable pressure proximity at the pump
inlet 1s that value Just sufficlent to glve satisfactory flow con-
ditions. A system with an unnecessarily high pressure level 1is
undeslrable because of the difficulty of mainteining tight engine-
Jacket seals and piplng connectlioms.

As tho englne power 1s varled, the temperature rise of the
coolant through the englne, and hence the pressure proximity at
the pump 1lnlet, will vary for constant engine speed. If tho pump
is operating under cavitating conditlions but still in a relatively
stable region, the varlation in the pressure proximity wlll result
in a change of flow rate with a change in power; that is, an in-
crease in power will ralse the flow rate and a decrease of power
will lower the flow rate.

APPARATUS
Engine Installetion

The tests were conducted with an Allison V-1710-81 multicyl-~
inder engine mounted on a dynamometer stand equipped with a
2000-horsepower eddy-current dynamometer. 011, refrigorated air,
and atmospheric exhaust were supplled to the englne at specified
conditions by auxillary equlpment.
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.Cooling Systems .

System using unpressurized-type expansion tank. - Cooling
system A, a conventional shunt type, used an expansion tank of the
type 1n current use on unpressurized AN-E-2 ethylene glycol sys-
tecms. Alr-vapor separators were added to -the aystem and two ver-
sions nf their installation were tested: (a) when installed in
the main coolant lines at the block ocutlets and (b) when imstalled
in the shunt lines at the block outlets. Figure 2 1s a schematic
dlagram of the system showing the alr-vapor seperators.installed
in the main cizolant lines togsther with a oross-sectional dreawing of
the expansion tank. The version of the system with the alr-vapor
separators installed in the shunt lines at the block cutlets is
shown schemetically in figure 3. A oross-sectional view of the
"expansgion tank, which was modified for tests of this version of
the system by the installation of a horizontal baffle inside the-
tank, is also shown in figure 3.

Tho systom -was constructed to simulate-the -instellstion in a
typlcal pursulit-type military alrplene with regard to length,. size,
and resistance of piping. The coolant flow dlvides at the pump
outlet, follows parallel paths through each ungine block and cooler,
and returrs to a Y connectlion at the pump inlet. The shunt circult
of the system consists of separate shunt lines at each block outlet,
which Join end enter the expansion tank, and a return line from the
bottom of the expansion tank to the pump inlet.

The shunt lines frcm the block outlets, which were fitted with
1/8-inch orifices to restrict the flow, were Jolned together and
copnoctoed to the eoxpension tank as shown in figures 2 and 3. The
linss wors mounted in o bhorizontal plane in order to decrease the
possibility of alr traps. The common line from the block shunt
lines wes extended halfway down into the tenk and discharged tan-
goentlally nlong the inner wall. The vent lines from the vapor sep-
arators were connected to each sido of the expansion tank. The
roturn line from the bottom of the expansion tank was connected to
the pump-inlet cover as shown in figures 2 and 3.

The expansion tank was mounted between the cylinder blocks and
was fltted wilth an altitude-compensated pressure-relief valve set to
rollove at 35 pounds per square inch absolute. The horlzontal baf-
fle, which was fltted to the tank for the tests of the second ver-
slon of the system, was installed in an attempt to improve vapor and
alr separation from the liquid in the tank by shielding the 1nlet of
the pump return line from the direct discharge of the vent lines. )
The main-line air-vapor separator shown in figure 4(a) is of the cen-
trifugal type and hes a ratio of inlet area to throut area of 3:1.
The shunt-line air-vapor separator shown in Figure 4(b) was made by
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flattening a bend in the tubing*to provide a reduction of area at
the throat and adding a vent line to the inside radius of the bend.
The Allison shrouded-impsller coolant pump fitted with the Y inlet
cover was used. The pump speed is 1.234 times the englne speed.
The coolant temperature was controlled by means of a water-cooled
heat exchanger and an air-operated bypass valve installed in the
water line. The normal pressuroc drop across tho system from the
pump outlet to the pump inlet was about 34 pounds per square inch
at a flow rate of 250 gallona per minute.

The coolant-flow rate was determined by two similar venturil
tubes installod in the main coolant lines of each block. System
pressures were measured at the locations indicated in figures 2 and
3 by calibrated Bourdon-tube gages. Iron-constanten thermocouples
connected to a self-balancing potentiometer were used to measure
the coolant temperature at the cylinder-block outlets, at the expan-
sion tank, and at the pump inlet from the right bank. Sight glasses
irstalled in the main coolant lines, in the vent lines, and in the
expansion tank return line, at the loocations shown in figures 2 and
3, permitted observution of the coolant. A sight glass nnd an elec-
tric light wore also instglled i1n the baffled expansion tank to por-
mit observation of the internal-{low conditions. Compressed-air
lines wers connected to the main coolant lines at the locations indi-
cated for aerating the coolsnt in order to test the vapor separators
and to control the pressure of the system at the desired levels.

System using Linde expansion tank. - Tho cooling system uslng
the Linde expansion tank (system B) i1s tho sume as system A except
that no main and shunt-line air-vapor separators wore ingtalled and
the exponsion tank is different. Figure 5 is a schematic dlagram
of systom B. The expansion tank (figs. 6 and 7) consisted essen-
tially of an outur or main tank inside of which was located a con-
trifugal alr-vapor separator. This alr-vapor swvparator received
the flow from the block shunt lines and discharged 1t directly to
the pump Inlet. Thu outer expansion tank was nlso connscted to the
pump inlet by a statlc line. Because tho flow from the block shunt
lines did not enter tho outer tank (except for the negligiblo flow
from the separator vent), there was practically no flow in this
stotic line. The air-vapor separator, which was at a higher pres-
sure than the outer static tank, wns provided with a restricted
vent in order to obviate cxcessive Flows into the ovuter tank and
through the static line. Heat suppliod by the hot coolant in the
alr-vapor separator maintalinod the tempurature of the liquid In the
outer tenk at approximately the samo temperature as the outlet cool-
ant, thus assuring maximum coolant-vapor pressure in the tank.

In order to permit the instellatlion of the expansion tank in
the englne used 1n theme tests it was necessary to fabricate a tank
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at the Cleveland laboratory that was 2 inches shorter than the Bell
production model of the Linde design. The same style pressure-relief
valve was used as on the expansion tank of system A and e soreen
was installed, as shown in figure 6, to prevent dirt from passing
into the valve and depositing on the neoprene sesl.

Teats were conducted with two different sots of flow-restriction
orificos in the block shunt lines., The first set was 1/8 inch in
diametor and the socond set was 3/16 inch in diesmeter. A compressed-
alr line and a blow-off cock were connected to the expansion tank at
the location shown in figure 6.

The lnstrumentatlion was the same as for the tests of system A
except for measurement of the coolsnt condition at the puvmp inlet
und the flow rate through the shunt lines. Mercury manometers were
connected to the pump suction lines from both banks and an additional
thormocouple was so installed in the left bank suction line that the
coolant temperature and pressure coculd be determined in both of the
pump-suctlon lines. Manometers were Lltted across oach of the flow-
rsatriction orlfices in tho shunt iines tc measure the flow rate to
th> expanolon tank. The complote shunt-lineo ssembly was subsoquently
calibratod by a bench test.

Venturi-Calibration Sctup

One of the venturi tubos used t. moasure thu coolant=flow rate
wns calibrated by a bonch toet over the range of flow ratos and pres-
sure proxim.iles encountered in tho englno tests. A sight glnss was
ingtalled immedintely downstre~m from the venturi to permit observa-
tion of the flow. Both the flow rate and the upstream pressure on
tho venturl were conirolled by valves located at the venturl entrance
and downstrevam from the sight glass. Differontial manometers were
fltted across both the venturli and the slght glass; slngle-tube
manometors were connectod to the entrance of both the vonturl and the
sight glass to provide a complete pressurs survey. The flow rate was
detormined by a wolghing tank.

TEST PROCEDURE

Tests woere conducted to determine coolant-flow rates for both
systems over a range of engine speeds at congtant pump-inlet pres-
sure and over a range of expannion-tank prossures at constant engine
epeed. The following table gives a summary of the test conditions
for both systems: .
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Engire Engine Pump-inlet [Flow-regtriction
Systom power spoed pressurey orifice in shunt
(vhp) (rpm) (1b/sq in. |line
abs.) (in.)
Varlable englne speed
A Constrnt throttle{2000 to 3000 27.¢2 1/8
(635 to 725)
B 725 135 2000 to 300G 27.0 1/8
28.0 1/8
i 28.0 3/16
Varizble exponglon-tank pressure
1035 15 3000 +5 |26.1 to 32.8 1/s
B 735 5 3000 5 (23.2 to 31.2 1/8

The coolant-outlet tempercture wes held at 2500 £2° F end the
cerburvtor-mixture control w-~s mtintalned in automatic~rich position
for all runs.

For the tosts of system A, the oxpansion-tonk r—essure was
increased by the introduction of compresscd alr inte the system at
the main block outlet line; coolant wrs dlscherged throvgh a bleod-
off valve in order to docrecase the pressurs. Durlng the tests of
gystem B thc oxpension-tnn% pressuro was incrorecd by admitting com-
pressuvd alr into the trnk and decroascd by blowding-off vapor from
ths tank through a blow-off valvo. For thz variablce engline-specd
runs of both systems the pamp-:nlct pressurs wna mtlntalnud constant
by cdusting the wxpansion-tnnik pressuru.

The pump-inlet prossure teps wore locnted about 1 feot upetrezm
from tho pump suction to =2vold orror from ths uneven pressurs dlstri-
bution in the long-redlus olbows. Tho measuvrcments of pump-inlut
- pressuru thus obtalned were subsoguently corructod for thls line loss
and therufore the date prusvntud hervin represcnt the pressure lmme-
dirtely upstrerm from the Y svction connection of the coolant pump.

RESULTS AND DISCUSSION

Effuct of englinu spued on coolnt-flow ratu. - The varintion of
coolant-flow rante with onginv sm.cd for ayctum A nt & pressure nrox-
imity (static pregsurc uinus v-por pressurc) of T pounds PeEr squarv
Inch at the pump Inlct and for both typus of zir-vepor seprraotor is
shown in figure 8(2). Similar drtz for systom B for two velues of
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the pressure proximity at the pump inlet and with two different
sized orifices in the shunt lines are shown in figure 8(b). The
date pointes of both.systems have been corrected for slight veria-
tions in pressure -proximity enccuntered in the testa.-

Figure 8(a) shows that the coolant-flow rate of system A varies
directly with engine speed up to nearly 3000 rpm, indicating that
the pump opsrates almost free of cavitation at a pressure proximity
of 7.0 pounds per square inch. A slightly bhigher flow rate, parti-
cularly at the higher engine speeds, is noted for system & with the
alr-vapor separators installed in the blcck shunt lines., -The loss
in flow rate caused by decreasing the pressure proximlity from 6.0
to 5.0 pounds per square inch. shcwn in figure 8(b), 1s greater at
the bigher engine speeds than at the lower engino speeds because the
higher velocity of the liquid through the pump results in greater
entrance pressure lossos, which increases the tendency to vepor form-
ation. For a nressure proximity of 6.0 pounds per square inch (cor-
resnrondlrng to a pump-inlet pressure of 28.0 1b/sq¢ in. absolute), the
coolent-flew rate varies directly with engine smeed up to 2600 rvm,
indicating thke pump to be operating free from cavitation in thils
reglon; wheroas for a pressure proximity cf 5.0 ncunds per square
inch (corresponding to n p.mp-inlet pressure of 27.0 1b/sq in. abso-
lute), & slight amount of cnvitation 1s noted at all engine speeds
above 2000 rpm. The change from 1/8-inc¢h to 3/16-inch orifices in
the shunt lines of system B has no apparent effect on the coolant-
flow rate,

Effect of expnrsicn-taonk nressure on ccolant-flow rate. The
variation of coolant-flow rote with expansion-tonk press.re 1s shewn
ir. figures 9(a) and 9(b) for systems A end R, respectively. The data
for both types of vepor sepnrator uscd in system A fall on one curve,
Indizatlng no significant differcnce in system operation between the
twn typsws of vrRpor separator. A maximum coolant-flow rete of about
275 gallcns per minute was obtzined for both egystems et en expansion-
tank pressure of about 32 pounds per square inch ebsolute. The
ccolrnt-flow rate falls off more rapidly with a decrease in expension-
trrk pressure for system A, however, than for system B. The temper-
ature of the liguld in the expansion tank was generally about 1°F
lower than the block-outlet temperature. Thus, for a coolant-outlet
temperature of 250° F the vapor pressure ln the expansion tank is
abcut 26 pounds per squere inch absolute, resulting in a coolant-
flow rate of nbout 200 gellons per minute for system A and of ebout
255 gollons per minute for system B. At thls point the curve for sys-
tem A 18 nlmost vertlcal, which indicates that a further slight reduc-
tlon In expension-tank pressure flue to leaks in the tank or in other
parts of the systoum would probably cavse o breakdown of coolent flow.
For ayetem B, Lowever, the flow-rate curve 1s sufficlently flat in
this region to indicate stoble and safe operation.
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Reletion between pump-inlet pressure ard expansion-tank pres-
gura. -~ Figure 10 shows the relation bstween pump-inlet pressure
rnd expanslion-tank pressure for systems A and B, Becausec the sxpan=-
slon tank and the pump inlet are connected by 2 return line, or static
line, as shown in figures 2, 3, and 5, the pump-inlet pressure 1s
equal to the expnnsion-tank pressure plus the differentisl-clevation
hoad minus the line prussure drop, For any fixed oxpansion-tank pres-
sure the pump-inlet pressure 1ls gsen to b. atout 6.0 pounds per sguare
inch highor 1n system B than in system A, which results in a pump-
inlet pressure of about 27.5 povnds pzr cqunre inch ebsolute in sys-
tem B as compoarod with a 21.5 pounds per squer. inch absclute pump-
inlet pressure in systum A wken nmrm-i (appreximately 26 lb/sq in,
absolute) coolant vapor preasurs existe in the c¢xoension tnnk, This
differcnce i1a due to the fact thet tho shunt-line flow in systcm A
goes through tho return line connucting the expansion tank to the
pump inlet with attendent lins preossurs losses, wheruns in system B
tho pump inlet 1s connected to the exponsion tank by the stetic line
in which there is very 1ittle flow. The pruvssurs losses in tho return
line frem the air-vapor gsupnrator of eystem B dces not decrease the
pump-inlot pressurc br cause th. oreasur: withirn the separator is cor-
respondingly higher than the expanrion-trnk prvssure. The differontial -
clovetion head betwesen the pump ané tho expansion tank is the couse of
tho pump-inlet pressure in system B being mbout 1.5 pounds per square
inch higher than the cxpnnsion-tenk nressure.

Verletion of ccolant-flow rate with pump-inlet pregsure. - Fig-
uree 1l(a) end 11(b) skow the verirticn of coolant-flow rate with
pump-inlet pressure for systems A znd B, respectively. A corresg--~n
ponding variation of flow rnate 1s co+cined whon it is plotted cgalnat
tho presgurc proximlty dt the pump inlc:t, thereby glving the cavita-
tion chorecterlistics of the pump., (Ses fig. 12.) Tho cavitation
curves obtiined for both systoms are eimilar and ehow that full lig-
uld flow is not obtained until 2 pressure proximity of about 8 pounds
por squars inch 1s reached. As noted on thu curves when coclant vrpor
prossurv oxists in the vxprnsion tenk, the pressure proximity st the
puxp inlet is about 5 pounds per square inch higher for systevm B then
for systom A. (The diffcrence in thu pressure proximity between the
two systems is not so groat es the differencc in the pump-inlot pros-
sure owing to the lowsr engine power for the tcsts of systom B.) This
difference in pressuro proximity, fur the s~me expaneion-tank pres-
suro, rogsults in a grenter dogrec of pump cevitation and 2 correspond-
ingly lower flow rate for system A than for system B. ns was noted in
figure 9.

The system resistsnce did not romain congtant during these teats
but increased sbout 25 percent ns the pressure in the aystem was
reduced. This increase w:s due to an effect introduced by the venturil
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in the pump suction line and probably caused the flow rate to start
to fall off at a higher pressure than would the curves of flow rate
for a constant system reslstance. The cause of this variation in
system reslstance and 1te effect on the performance of the system
will be discussged in greater detall later in this report.

Flow rate through the shunt lines. - The effeot of englne speed
on the flow rate through the shunt lines of system B is shown in
figure 13(a). A relatively emall flow rate, which increases with
engine speed, 1s noted for both sizes of flow-restrictlion orifices.

Figure 13(b) shows the effect of pump-inlet pressure on ‘the
flow rate through the shunt 1lines, The pressure drop across the
shunt-line system 18 the difference between the block-outlet pres-
sure end the pump-inlet pressure; the small effect of pump-~inlet
pressure on the flow rate 1s caused by an increase in the pump-inlet
pressure accompanied by an almost equal increase in the block-outlet
pressure.

Effect of coolant-flow rate on pressure drop. - The pressure
drops both through the entire system (pump outlet to pump inlet) and
from the block outlet to the pump inlet are shown as a function of
the total coolant~-flow rate in figure l4(a) for system A and in fig-
ure 14(b) for system B, For the variable-speed runs, the pressure
drop Increases with the square of the flow rate in the normal manner
and the agreement between the two systems is very good. The pres-
sure drop for the varlable-pressure runs, however,-is seen to remain
constant in system B over nearly the full range of flow rates tested;
for system A, the pressure drop remains constant over a considerable
range of flow rates and gradually decreases as the low flow rates
ars reached. Inspection of the data showed that, for each system at
tho point of intersection, the pump-inlet pressure for the variable-
Bpesed curve 1s equal to that for the variable~-pressure curve.

This unusual variation of pressure drop with flow rete during
the variable-pressure runs may be explained by the results of the
venturi-calibration tests, During the calibration tests at low pres-
sures, large quantities of vapor were observed in the sight glass,
indicating that considerable flashing or boiling of the coolant occur-
‘red in the venturi. As the upstream pressure on tho venturi was
inoreased, the flashing was suppressed until finally full liquid flow
wag obtained. The pressure survey through the venturi and sight glass
for both flashing and nonflashing runs is given in figure 15. For
clarity, only a few typlical runs are presented, For the flashing rums,
the upstreem pressure was adjusted to a value that resulted in recon-
version of two-phase flow (vepor and liquid) to full liquid flow in
the downstream portion of the sight glass. It 1s noted that for the
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flashing runs the pressure reconvery dld not take place in the downe
stream cone of the venturi but occurred, to a limited extent (about
one-fourth of that obtained in nonflashing runs), in the region
where the reconversion to liquid flow occurred. This result 1s
attributed to boundary separation in the venturi cone and the attend-
ant eddy losses., The higher over-all pressure loss for the flashing
runs is shown in figure 16 1n vhich the pressure drop from the ven~
turl entrance to the downstream end of the sight glass is plotted
agelnst the flow rate. Figure 17 gilves the venturi calibration for
both flashing and nonflashing runs, In spite of this wide variation
in flow conditlons, all data points are seen to be witkin 8 percent
of the calculated calibration curve,

This higher over-all pressure loss through the venturl and down-
stream piping when falshing of the coolant occurred affords the expla-
nation of the unusual variation of pressure drop with flow rate noted
in figure 14, As the coolant-flow rate through the cooling systems
wes reduced by decreasing the pump-inlet pressure, vaporization occur-
red in the venturl, which increased the resistance of the system. This
increase in system resistance, together with the decreased flow rate,
resulted in a constant over-all pressure drop over a conslderable range
of flow rates, At the lower flow rates encountered 1n the tests of
syatem A, the pressure drop varles with flow rate in the normal man-
ner but is higher than the variable-speed pressure-drop curve., It is
believed that in thils reglon the vaporization in the venturi reached
a maximum and did not contribute further increase to the system
reslstance,

Effect of venturl on performance of the cooling system. -
From the foregoing considerations, 1t skould be noted that actual
aeircraft installations of the cooling systems (that is, without the
flow-measuring venturi) may be expected to perform with scmowhat
higher flow rates at low pump-inlet pressures than is shown by the
test results presented horein bocause the effective system resistance
wlll not be increased by vaporization in the venturli. Inspection of
the data 1ndicates that the maximum increase 1In system resistance
caused by vaporizatlon ln the venturi amounted to about 25 percent
of the normal resistance and occurred at a pump-inlet pressure of
about 24 pounds per square inch absolute (pump-inlet pressurc prox-
imity of 2 1b/sq in,). At this point the coolant-flow rate without
the venturi 1n the system would b expocted to be atout 12 percent
higher than obtained in tho tests., Inssmuch as the pump-inlet pres-
sure 1s controlled by the shunt-line branch of the system, the pres-
sure proximicy at pump 1nlet is not affected by the presenco of the
flow-moasuring venturi in the maln coolant line. - System A, which
was found to be operating with'a pressure proximity of less than
1 pound per square inch at the pump-inlet (soe fig. 12(a)) when




NACA ARR No. ESEOl1 13

coolant-vapor pressure existed in the expansion tank, would there-
fore still be operating in an unstable region even with the venturi
Nmoved » 1 e .

¥ e e e
- - e

System operating experience. - Both systems were found to be
difficult to fill after they had been completely drained. In order
to fill the systems oampletely, 1t was necessary first to flll as
much as possible, run the engine for a short period, and then shut
down and add more coolant.

Although the expanslion tanks were vented to the atmosphere
during filling, this diffioculty was not completely eliminated because’
the expanslion tank 1s located at a lower level than the engine blocks.
It was therefore also neceessury to vent the englne blocks to the
atmosphere. Commnections for both of these vents have been provided
in 4 nuw type flller cap designed by the Bell Alrcraft Corporation.
Both of these vents are closed off when filling is completed 1n order
to prevont cilrculatory flow of coolant from the filler cep into the
tank during operation and air from being drawn into the engine blocks
after a shutdown.

The effectiveness of the alr-vapor separators wans tested dy
noting the removal of air and vnpor during the warm-up perlod and
by 1ntroducing air into the maln coolant stream at both block out-
lots immedlately upstroam of the sight glasses. The main-line sep-
* aratora of system A removed the large alr and vapor bubbles in less
than 1 minute and completely removed small bubbles in fine suspen-
sion in about 5 minutes. The shunt-line separalors required about
10 to 15 minutes to remove all the alr and vapor. The internal alr-
vapor sephrator of the expansion tank of system B did not give as
rapld separation as the main-line separators used in system A but
did provide quicker separation than the shunt-line sevarators.

For both systems small bubblea of alr or vapor were observed
at all times in the return line from the expansion tank to the pump
Inlet, which indicates a continual pickup of vapor from the expan-
sion tank into the system. The eddition of the horizontal baffle
to the expansion tank of system A decreased the amount of vapor
. pickup from the tank but did not completely eliminate this condl-
tion. Vapor was also present in the static line of the system B
tank, which indicates that the liquid in the tank was falrly well
agitated and mixed with the vapor. This condition was also noted
during blow-off of excess pressure 1n the tank. Although the blow-
off valve.was connected to the upper section of the tank, a con-
siderable quantity of liquid was discharged at every blow-off. In
order to amellorate this condition of vapor pilckup, the Linde Air
Products Company: have recently added a shield over the end of the
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vapor-geparator vent line in such a way that the stream issuing
from it will not agltate the liquid in the tank, It should be
noted that the outlet of this vent line should be below the level
of the liquid to prevent alr from being drawn into the systom after
a shutdown.

A Blight leakage, which was encountered through the pressure-
rellef valve at all times during the tests of system A, made it dif-
ficult to maintain high expansion tank pressuvres. The addition of
the screen under the pressure-relief valve of the system B tank,
which was installed in an attempt to eliminate the leakage, became
80 clogged with solid material that it prevented the pressure-relilef
valve from operating properly and was consequently removed.

SUMMARY OF RESULTS

The :"esults of the engine tests describsd herein on two pres-
surized anunt-type cooling arstcms using a 30-70 glycol-water mix-
ture as coolant indicate that the main difference in the performance
of the two cooling systems is that, for any fixed sxpansion-tank
pressure, the pump-irlet pressure obtained in system B (using Linde
oxpansion tank) is about 6 pounds per square inch higher than that
obtained in system A (using vnpressurized-type expansion tank)., This
characteristic of the expansion tank sed In system B ls consldered
to be its principal advantage inasmucih as the higher pump-inlet pres-
sures result in a high pressure proximity at the pump inlet and attend-
ant stable operation of the pump at relatively low expansion-tank pres-
sures and maximum system pressures. In currcat practice the highest
expansion-tank pressurc that can be rellably maintalned is the coolant-
vapor pressure ccrrosponding to the block-outlet temperaturs.

The data obtalned in these tests show that, wken a coolant-vapor
pressure of 26 pounds per square inch absolute (corresponding to a
block-outlet temperature of 250° F) existed in the expansion tank,

a coolant-flow rate of approximately 200 gallons per minute was
obtained in system A and a coolant-flow rate of about 255 gallons
per minute in system B. Although both of these flow rates are ade-
quate to cool liquid-cooled ailrcraft engines at present ratod powers,
at this condition in system A the pump 1s operating in a dangerous
and unstable region., The expansion-tank pressure curve for system A
shows that a drop of 1/2 pound per square inch below the valuo cor-
responding to the vapor pressuro in the expansion tank would result
In a large decrease in coolant-flow rate, i1f not in a complete broak-
down of the flow., This condition would also be present 1f the flow=
measuring venturl were not included in the system because, as noted
previously herein, the pump-inlet pressure 1s not influenced by the
prossure drop through the venturi,
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When coolant-vapor pressure existed in the expansion tank of
system B, however, the pump was operating in a stable region and,
although a slight amount of cavitation occurred, no harmful effects
are expecoted,—--Higher pump-inlet pressures might be cbtained for .
the same expansion~-tank pressure by the use of a pump-inlet venturl
or other boost arrangement. These devices are considered neither
necessary nor deslrable for present purposes when 30-70 glycol-water
mixtures are used, in view of the negligible improvement in cooling
resulting from the smal)l posslble increase in flow rate and the
attendant higher system pressure levels., In this comnectlon, 1t
should also be noted that pressures higher than those necessary to
give stable operation of the pump are undesirable owing to the dif-

ficulty of maintaining tight piping connections and engine-Jacket
seals.

Alrcraft Englne Research Laboratory,
National Advisory Cammittee for Aeronautics,
Cleveland, Ohio.
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